The National Geodetic Survey (NGS) performed a few test flights using Micro-g's Turnkey Airborne Gravity System (TAGS) at altitude of 1700, 6300 and 11000 meters over Alabama in 2008. The cross-track spacing was 10 km for the two lower flights and 5 km for the highest flight. The test flights not only provided important information regarding the precision and accuracy of the TAGS but also revealed the impact of flight altitudes and track spacing on the collected gravity data. The gravity anomalies at three altitudes were modeled using 3-dimensional Fourier series, then compared at the three altitudes. The agreement was excellent -the gravity anomalies agree with each other from 1.4 to 3.3 mGal RMS at the three altitudes. When the bias was removed, the agreement was improved to better than 1.1 mGal. On the ground (h =0), the three gravity models agree from 1.9 to 3.8 mGal RMS. After removing the mean, the agreement improved to better than 1.7 mGal. Similar results were obtained in comparison with recent surface gravity which was of sub-mGal accuracy. The overall agreement between the downward continued airborne gravity and the surface gravity was better than 1.7 mGal after removing the mean values. As expected, the flight altitude had a direct impact on accuracy of the values of gravity downward continued to the Earth's surface. The comparisons with terrestrial gravity show that gravity collected at 11000 m is having an accuracy of ±3 mGal on the ground. This accuracy is slightly worse than the other two altitudes most probably due to smaller signal/noise ratios and larger downward continuation effects. The RMS values of differences between the downward continued airborne gravity at altitude 1700 and 6300 meters and the surface gravity are 2.0 and 1.6 mGals, respectively. Based on these comparisons, airborne gravity data collected at altitudes below 6300 meters should result in accuracy better than ±2 mGals on the ground. Note, however, that the test area is flat and the accuracy of airborne gravity would likely be worse in more rugged mountainous regions.
Introduction
One of the important components of NOAA's Gravity for the Redefinition of the American Vertical Datum (GRAV-D) project is the airborne gravity survey over the whole USA territory. In 2007, the National Geodetic Survey (NGS) acquired a new Turnkey Airborne Gravity System (TAGS) from the Micro-g/LaCoste company (Brady, * E-mail: Yan.wang@noaa.gov 2010). For more information about the GRAV-D and TAGS is found at http://www.ngs.noaa.gov/GRAV-D/.
To test the TAGS, NGS performed a few test flights in coastal region over Alabama (27° ϕ 31.5°, 271.5° λ 273.5°) in 2008.
The test consists of three flight altitudes of 1700, 6300 and 11000 m with stacked profiles over the same area (Fig. 1) . The track spacing was 10 km for the two lower altitudes and 5 km for the highest altitude. For the 10 km spaced tracks at all altitudes, they all had the same flight lines (i.e. identical latitudes and longitudes) and only differed in altitude. Due to aircraft dynamics, they are generally within a 100 m of each other. As the gravity data were collected at altitudes of 1700, 6300 and 11000 m in the same region, the test flights provided a unique opportunity for testing the consistency of the TAGS and the effect of the flight altitude and track spacing on gravity accuracy. In this paper, we model the airborne gravity data in the area using 3D Fourier series. The modeled gravity field is then inter-compared at different altitudes. Finally, newly collected surface gravity data in the coastal region of Mississippi and Alabama (Winester, personal communication, 2007 ) is used for further analysis and validation of the airborne gravity.
Data processing and gravity field modeling
NGS has developed software packages for processing the airborne gravity data collected by the TAGS (Preaux et al. 2011) . The data from the test flights were filtered in the frequency and spatial domains, respectively. The cut-off frequency was chosen as 1/40 Hz, which corresponded to a spatial resolution of 4 km. The second filter was Gaussian and applied in a 75 second window that corresponded to a spatial resolution of 6 km. The RMS values of the crossovers ranged from 1.6 to 2.1 mGal for the processed airborne gravity data at all three altitudes, which is fairly consistent with other airborne gravity surveys (e.g. Forsberg et al., 2000 Forsberg et al., , 2012 Forsberg et al., , 2005 Hwang et al., 2007) . The statistics of the airborne gravity data at the three altitudes are given in Table 1 . The data sample rates are at 1 Hz.
The RMS values of gravity anomalies in the area decreased from 36.7 to 31.4 mGal from 1700 to 11000 m altitude, which is consistent with the weakening gravity signal for the increase in height. The STD, maximum and minimum values also decreased in a similarly consistent manner.
After collecting and processing the data, an initial comparison was made to the EGM08 gravity model (Pavlis et al., 2012) . The gravity anomaly is computed from EGM08 at exact location of the airborne gravity data, and then compared. The atmospheric effects (Moritz, 1980) of 0.7, 0.39 and 0.2 mGal are added to the data at flight altitude 1700, 6300 and 11000 m, respectively. The statistics of the The airborne gravity data showed good agreement with the EGM08 at every altitude. The STD values of the residual gravity decreased from 1.7 to 1.2 mGal from 1700 to 11000 m. Note, however, that the mean values differed at each altitude and decreased from 0.8 to −2.2 mGal from lowest to highest altitude. The RMS values of the differences are 1.9, 1.6 and 2.6 mGal at the altitude of 1700, 6300 and 11000 m; indicating possibly a bias problem in the data.
Many possible sources could cause biases in data, such as the correlation between altitude and the scale factor of the TAGS which are preset by Micro-g, the off-level error, and other environmental corrections. The biases are small and not vital for geoid computation, because it can be fixed by using satellite gravity models.
To check the consistency of the gravity data collected at different altitude, gravity data usually have to be upward-or downwardcontinued to common levels for comparison. The gravity field at all three altitudes was modeled though a 3D Fourier series (Wang et al. 2008 ). The advantages of using this method are: a) flights are not required at the same altitude; b) it is computational efficient. The residual gravity anomalies are modeled in 3D for the region, so that they can be computed and compared at any flight altitude and on the ground easily.
The residual gravity anomaly δg can be modeled by a 3D Fourier series as (ibid.)
where M and N are the maximum numbers of m and n, respectively; they are the numbers for the Nyquist frequency; x, y are the local coordinates which refer to a coordinate system with its
x-axis pointing to the north and y-axis pointing to the east in a specific map projection; the origin is chosen at the center of area;
a mn , b mn , c mn and d mn are coefficients of the Fourier expansion; L and W are the half width and half length of the area.
Equation (1) can be written in a matrix form as:
where Q(x, y, h) and x(α mn ) are matrices defined as 
If there are k airborne gravity observations, the observation equations are:
where v i , i = 1, 2, ..., k are the errors of the observed gravity anomalies.
If a priori covariance matrix of the coefficients C X is chosen, the least squares solution of (8) is [Liebelt, 1967, equations (5.26 
where C v is the error matrix of the observations. Usually it is chosen to be diagonal where the diagonal elements are the errors of airborne gravity anomalies.
Taking into account the 10 km track spacing, the Nyquist frequency of the Fourier series used is at M = 25 and N = 55, which corresponds to 5' spatial resolution. The coefficients of the Fourier series are estimated by the least squares adjustment with 3 mGal a priori random error assigned to the data according to the airborne data crossover analysis (Preaux et al. 2011) . The priori degree variance used in the adjustment is (Wang, 2001) c X = is the degree variance of the residual gravity anomaly. It is not trivial to up/downward continue the airborne gravity over 10 km in limited areas (see Fig. 1 ). A particular consideration is the border effect of the Fourier series. Few numerical methods can be used to minimize this effect: border tapering and filtering are few of the practical methods (Press et al., 1986) . In the computations, a 20 km tapering is added to the east and west side of the bordering tracks. The following table shows the statistics of misfit of the models to the airborne gravity data. The RMS values of misfit are below 1 mGal for gravity data at three altitudes. The best fit is at the altitude of 6300 m where the track spacing and the flight altitude are comparable. Note that the mean values of misfit are zeros for three models.
Comparison and validation of gravity data of three altitudes
After the airborne gravity data were fitted to three sets of 3D Fourier series, we checked the data consistency by comparing the airborne gravity anomalies at common altitude. The gravity anomalies were computed at the locations of airborne gravity data at an altitude of 11000 m. Two tracks (T811 and T108) are randomly chosen and the modeled gravity anomalies are plotted in Fig. 2 . Figure 2 shows that the gravity anomalies agree with each other very closely but not exactly at the altitude 11000 m. To show the differences more clearly, the residual gravity anomalies with respect to EGM08 at the altitude of 11000 m are plotted in Fig. 3 . By inspecting the behavior of the residual gravity anomalies along the tracks, one can see that the TAGS picks up the same features and 11000 m, respectively. Similar correction coefficients are for the data along the track T108. To demonstrate the bias between the residual gravity anomalies, the gravity anomaly differences are plotted in the Fig. 3 .
Clearly, about 1 mGal bias exists between the gravity models FS(M) and FS(H) and a lager (3 mGal) bias exists between the gravity mod-
els FS(L) and FS(H).
The statistics of the differences of modeled gravity at the altitude of 11000 m are given in Table 4 . Table 4 shows that the standard deviations of the differences are all below 1 mGal, which indicates excellent consistency of the TAGS observed data. The main problem is that the differences in the mean values between altitudes are as yet unexplained.
Next, airborne gravity data were downward continued and evaluated on the ground (h = 0). Residual gravity anomalies were computed from three models and are shown in Table 5 . Max. 1.7 1.1 2.0
The downward continued residual gravity anomalies on the ground again agree with each other at better than 3.8 mGal RMS.
Removing the means improved the agreement to 1.1 to 1.5 mGal between all the data collected at the three altitudes. The downward continued residual gravity anomalies are plotted in Fig. 5 . Now the plots can be seen to have much the same content and magnitude with the residual gravity anomalies (STDs) in the 1 mGal range. Fig. 6 demonstrates the TAGS can pick up gravity signals at 1 mGal level with a resolution greater than 10 km. The source of these 1-3 mGal biases is as yet unknown and will require further investigation.
The final comparison is made with surface gravity data collected in a campaign involving absolute and relative gravity meters on a 10 km grid spanning a 150 km by 250 km region in the coastal Mississippi and Alabama (Winester, 2007, private communication) .
The data were collected in 2006 accompanied with high precision GPS measurements. The accuracy of the gravity data is believed to be at the level of tens of micro-Gals, while the accuracy of the ellipsoidal heights are generally 2-3 cm (Winester, personal communication) . Thus the gravity anomalies computed from the surface gravity data are believed to be sub-mGal in accuracy and can be considered as ground truth. A color plot showing the residual free-air anomalies (observed -EGM08) is shown in Fig. 7 . Only the data that falling under the flight lines (272 λ 273°) are used in statistical comparisons given in Table 6 . Max. −2.0 4.4 6.7 Table 6 shows that the values of standard deviation are below 1.7 mGal for all gravity models. The biases exist between the surface gravity data and the gravity models of the airborne gravity data. The mean differences between the surface data and the modeled airborne gravity at the altitude of 1700, 6300 and 11000 m are -0.9, 1.5 and 2.8 mGal, respectively. Based on the comparisons in this section, especially with the ground truth, we can concluded that the relative accuracy of airborne gravity collected at three altitudes may have accuracy better than ±2 mGal at different altitude. On the ground (h = 0), the data collected at 1700 and 6300 m may have accuracies around ±2 mGal RMS, and ±3 mGal RMS for the data collected at the highest altitude.
Discussion and conclusions
The test flights of TAGS over the coastal region in Alabama provide a unique opportunity for testing consistency of the TAGS at different altitudes, the effect of cross-track spacing on the gravity values that are determined and, most importantly, a reliable assessment of the accuracy for the gravity data.
Data collected at three altitudes were modeled through 3D Fourier series and upward/downward continued to the other respective altitudes as well as down to the ground. The comparisons indicate that the TAGS is stable and consistent at every altitude. The differences between the profiles flown at the three altitudes is in the 2-3 mGals range when they are all continued to the same altitude of 11 km. After removing the mean, the differences are reduced to less than 1 mGal. The differences were slightly larger when all the data from 1700, 6300 and 11000 m were downward continued to the surface, where the RMS values ranged from 1.9 mGal to 3.8 mGal. When the means were removed from the data at the surface, the differences again decreased to around 1.1 to 1.5 mGal.
These same downward continued data were also compared to the newly acquired surface gravity data that are sub-mGal in accuracy as a final validation of the overall TAGS data. This validation showed similar results: the airborne gravity data agreed with the surface data in the range of 1.6 to 3.3 mGal (RMS). If the mean values are removed, the STD values ranged from 1.3 to 1.7 mGal. After removing the biases, the data collected at the lowest altitude (1700 m) performed worse than that collected at the middle altitude (6300 m), and the data at the highest altitude (11000 m) performed worse than the other two likely due to the weaker signal/noise ratio and the effect of the downward continuation. Based on the comparisons at various altitudes through continuation and the validation with respect to independent terrestrial gravity data on the surface, we conclude that the accuracy of the airborne data may be around ±2 mGal at three altitudes; and ±2 mGal on the ground for the data collected at altitude of 1700 and 6300 m, ±3 mGal for the data at altitude of 1100 m. If the source of the biases can be resolved in the TAGS solution, the expected results should improve to better than 2 mGal overall and approach about 1 mGal.
